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ABSTRACT 

7-becretase mediates the latfamembranous proteolvsis of amvloid precursor protein t APP). Notch and otne 
cellular substrates and is considered a prime pharmacoio§icai target m the tieveiopment ot tnerapeuuc 
for Alzheimer s disease (AD). vVe describe here an ef iicient. new. simole. sensitive ana ramd assav to guanlif 
;e activity in living cells by flow cytometry usm^ two membrane -bound liuorescent proDes. aPF 
S-CFP, as substrates tor -y-secretase. ihe pnncipie ot the assav is based on the fact that the solubl 



linked mutated !( 
endoj^enous 7- 
vanants to the modulation of the eiuvm 
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1. tatroductioit 

Alzheimer's disease (AD) is characterized by the cerebra! deposi- 
tion ot .38-42 amino acid peptides termed {.Vamyloid (Ap).These 
icsuk irotn ttie normal proteolytic processing of the amyloid 
precursor proteit! ( APP) by (i- and 7-seci-etases [\2\. BACE 1, a trati;;- 
membrane aspartyl protease, is the major (V.secreta.se, which cleaves 
APP within the extracellulat/'iuminal dtsmaiti, relea.sing a iatge 
solubk fragment (sAPP-p) and leaving a 99-residiie C-tefsnina! 
fragment (C99-CTF) in the membrane i'.>], C99 cm then be further 
processed in situ by 7-secrerase that releases the Aj.^ peptides and a 
c;>i:c>p!asn!ic t.jii diil^bed APP-intraceikilar domaiu (AlfJ3). 7-Secretase 
cleavf^s C99 at discrete positions, generating AJi peptides of variable 
ietigth (from 38 tts 42 amino acids). Although A(i40 is the predominani: 
species, f\i.-yi2 aijgsegatcs at a miK h fastoi- rate and ai: (ow/er concenixa- 
tions, and constimtes !:he major component of amyloid pJaque.s diffu.se!y 
deposited in the parenchyma of the .AD brain i 4 Akernatively. APP can 
be cut. via a non-amyloidogenic pathway, by a~secretases which 
produce a soiubie exn-ace!!uiar fragment, called sAPPa, and a mem- 



brane a.ssociaied, S3 -residiie C-tetminai fragment called CS.3, This latter 
is then cleaved by 7-secretase to produce AICD and p3 peptide, which i.s 
not involved in amyloidogetiesis i Si, 

AICD is reported to bind diffetent moiecuies and to take part in 
various cellular events including APP processing and trafficking, apop- 
tosis. neuiTiPa! (■•■■>wth and regulation of gene transcription Intn- 
gtiiiigiy, AICD iii-jcites at a site that is distai to the canonical 7-cleavage 
site, the so -crJled t, -cleavage site. The latter is located beftveen Leu -49 
and Val 50 (Af.". numtiering), in a region that exhibits a strong simila- 
(ity with the inttamembiane cleavage site of Notch, anotfier siubstrate 
for 7-.secretase f.see beiov/) (7j. In addition, a further APP cleavage site 
(t,), generating the A[M6 intermediate precursor of secreted A\.\ has been 
recently identified iSj. Phannacologicai data indicate that 7-cleavage 
requires preceding t- and c-cleavages, suggesting that all of these tisree 
events are catalysed by a single enzyme ift-'jll Moreover, the 
production, of equimolar amounts cii AiCD and Af.'; from the cleavage of 
APP carboxyl-terrniiial fragment (C99) by 7-secretasfi has been clearly 
e.stabiished j jj |, reinforcing the idea of.) single enzysnaiic activiiy, 

'>'-Secretase is a multimeric enzyme made of four transmem- 
brane pvoteiRs: presenilin 1 (PSl) orpresenihn 2 (PS2)-derived N- and 
C-terrnma! fragments (NTF and CfF], nicastrin, APH-l (anterior 
pharynx defective phenoiype 1), and PEN-2 (presenilin enhancer 2) 
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5 ; .-;!, Knock- down experirtients have revealed that the 7-51 
(:o!yu)i>!ieE!t<. iuxisl each other during !"hf.>ir biogenesis and their traffic 
out of the endopksrnic rencuiurn. Aii four compcinejits are retjuired to 
undergo proper post-tfanslationai maturation and to aciiieve stability 
(reviewed in | M ;). PSl and PS2 are poiytopic nine-pass trans mesTsbrane 
proteins which, as catalytic members of the 7 -secrerase tonmpiex. piay 
an essential role in /^s protiucdon i "j j. Genetic mutaiions in the APP, 
P5F.N1, and PSEN2 genes are responsible lor eariy-onset familial 
Alzheimer's disease (FAD) i ail exerting their pathogenic influence 
by selectively elevating the levels of highly fibriilogenic AfM2 jieprides. 
in addition to APP proteoiysis, PSs play a crucial role sn the 
intrsmembrane 7-secretase cleavage of a variety of tyj>e 1 membrane 
proteins including Notchl and homoicgues, Noicli ligatids Delta and 
jagged, ErbB-4, CD44, N- and E-cadhesins i ISs. In addition to the 
grovving number of 7-secretase substrates, accLimLiiating evidence from 
protein interaction and loss of lunction studies stiggest that, aside from 
AB prodtictioti, PSs regulate diverse physiological ftmctions i rS], 

Since the high levels of AD libriilogenic Ap4.?. j>eptides depend cm 
7-SScretase activity, potesit enzyme intiibitors have been identified by 
screening drug libraries or by designing asjjaxtyl proJea.se trati.sition- 
state analogues based on the APP substrate cleavage site ii/i. 
However, most of these compounds are not specific for ^'-secrerase 
cleavage of APP and inhibit also the processing of the other 7- 
secretase stfbstrates, such as Notch | iS]. The feck of specificity of these 
moleciiles limits rheir application as possible drugs in AD therapy and 
prompts the scientific cc'inmunity to develop new methc'ds useful for 
the screening of a number of candidate (:(Hri[)our,d;: ori a l<n ge scale, 
able to evaluate specific enzyme 3ci:ivity oti dil&ient suiistr.jtc;;. 

Here we describe the development of an efficient and quantitative 
high content assay for 'y-secretase activity in live cells, directed towards 
either APP or Notch, designed to identify endogenous regulators, as well 
as new candidate inhibitor compounds, by means of high-throughput 
screening'. The u;;e of a cell-based assay for v-secretase activity allows 



2.4. Wsstem Matting 

HeU and SH-SYSY cell proteins weie coflected after 24 h from transfection as 
previously described by Giacomello et al. SJOj. Immunodetection of C99 Gff, mC99 Gf? 
and APP-GFP, as weil as their metabolic products, was carried out using the polyclonal 
anti-GFP ab290 antibody from abCAM (Cambridge Science Park, UK). Tiie pi oteins were 
vi.'-.ualized using tiic anti-rabbit IgG peroxidase conjugated (from Chemicon ;ntema- 
tionai) and the chemiluminest-ent reagent ECi (Amersh.^.m Biosciences, ^41. USA). To 
analyze probe subceliuiar disr.ibution, cells were permeabilized for 3 min by SO ftM 
•J.gitonin m an mtraceiiulsj- saHne soiuticn contai:-iin.g SO \M EGTA (see beiow) and 
protease inliibiiors (Rociie): the supernatant vvsr, tlien collected (soluble fraction) and 
cells on tiie wel! (membrane fraction) were washed twice with PBS before beiiig 
conected foHowing the standard procedure. After protein determination, an equal 
amount of ttie two tractions were loaded for 5DS-PAGE and Western blotting. 



rt-re n^onnfed on a tiifnnof.f.*ed (37 °C) diamber (?/iedicai 
I o;j ths stage of a confocal l.S.M .S'lO Meta .system ( Carl Zeiss). 
I objective (NA 1.4) and illuminated at 4SS urn. Cells were 
4 h from ffansfection and followed for the indicated 
the case of cell permc-abiiization (made by bathing the cells with an 
r saline solution containing SO nM digitonin and 50 jiM EGTA; sec below), 
until all tlie cytosolic GFP fluorescence disappeared and an intracellular membrane 
fluorescent partem was disclosed. Fluorescence images were acquired with a time 
frame indicated in each condition. Acquisition and processing of images were done 
using l-SM image analysis software. 



vauaating on a say v^e -')o\v hai difierent t-AD 'mked p-^ u A<i its 
behave, dependently on specific substrate, as loss of function misra - 
tions for 7-secrecase activity. Moreover, when co-expressed with their 
wild type counterparts, they differently keep theif dorranaiu-negative 
effect on normal enaymatic activity, allowing a general distinction 
between PSl and PS2 FAD-iinked mutations that could influence the 
overall diverse phenotyjjes charactenzmg the two forms of the disea.se. 



ilie 7-secret3se mhibitors DArr ana L-faS5.4i8 and the caspase inhibitor z-VAD 
were purchased from CAlBlOCHtM (Merck KoaA, Darmstadt. Germany), ilie polyclonal 
anti-C!>f antibody ab;!90 was purchased from abCAM (Cambridge Saence Park. Uk) and 
the polyclonal anti-actm antibodv was from SIGMA (St. Louis. MO. USA). 



^. Piosmids consourtion 



the C99 ftagment cDNA 
iz appropriate restiicuon 



i/itiacellular salme so«ifion iMO miV! KG. 10 m.M Natl. 20 mM HHPES. 1 mM MgSO., 
SmM uici"ate pH -"Innun; if ) ipiio in iM LGl A ar c i^sfor nm 
and directly passed rbfou<;li fhe cytometer diamber to quantifv the ceils with , 
■membrane-bound fluorescence. The t)ijorescentsi(imal of GFP was measured i.t the i-L 
channel (488 nm) of a flow cvtometer (FACSCalibur. eouipped with HTS Automate; 
Mio-o-nter Plate Acqui.lition BD. N(. USA). The presented values (reterttjon ratio 
represent tbe ratso between the number of cells with membrane-bound GFP fluo 
rcscence after permeabihzation over the number of total fluorescent cells for eact 
condition Data were collected in tnpUcate and statistical analysis was earned out 
double tail student s J test. 

2.7. Apoptosis tmosuremetit 



solunon supplemented with 4% FCS anc. p.^ssed tiijoueh me rytoijiete 
fluorescence was recorded m the FU channel at tlic wavelength ot s. 
apoptosis was calculated as the percentage ot cehs wimout IMhM fluoresce 
to the total number of ceiis. 



J.!. Biocfieffijcfi/ chQWCtenzntw 
for y-secrecase actmtv 



of the Teamhinant Cl-P 



in ofdet to .setup an a.s.sav to monitor the 7 secretase adwitv in living 
cells wt tagged a kiioi-vn 7 secuMase siibstiati the A?r C ternina' 
f!a<j!rientC 9 asv>/ci!dsAPPitse!f withCf Pattheif C t^nnimaleiK! > -ec 
Mate! la s ai d method <!nd ^ H he la-ionaV vws that tht di'fei ei iti n 
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Bs- 1. Differential ancbof age probes (DAPs) tai:geling 7-seaetase activity. (A) APP and its (Vsecf etese derived ft agment, C99, were tagged with Cf'P at theii' C-tcrmiMl domain. The 
action of ^-secretase on C99-GFP (a^ well as on APP-GFP after p-scaetase cutting), allows tfie reljfasc of Ap in tlie extiaiellula,- space (or within tJic iumen of intracellular 
compavtments) and AlCD-GFP fragment in tiie cytosol. (B) Sclieniatic representation oi cell fluorescence before and after plasma membrane permeabitization (PMP) in cells with 
functiona! or mhibited •v-scaetase. Only membranous fiuorescence is conserved upon PJW; by comparing residual membrane-bound fiiiorescence with tfie total one, nseasured 
before permeabilization, the fluorescence retention ratio is determined, as an inverse index of -v- secretase activity. 



t 1 i (. 11 n r 5 1 i io\«ing pla ma 

memurane permeabilization (corned -arfferennal anchorage probes'". 
DAPsj can be useo to detect proteolytic acnvily: upon 7-secretase 
tie IV i^c 1 emb v\e bound C^a t TP h« id i nj e 

and AlCD-CiFP into the cvtopia.sm (r;?:, iA). Bv piasin.J fnernbraiie 
permeaoilization. causing a los.s of the soluble AlCD-GFP fraction, it 
should thus be possible to selectively quantify the residual fluorescence 



membrane retention that is a direct measutertjent o!-y-secretase activity 

W ii t iocmned ^hcticrtnr vo 1 H con ta-ct tit oi 
J <; ot )i soc 3sedO\p tc-HcaancSH S t Urn t 
n m ! ntly tnn ied-d n i he! L 0 C^"^ or APP (H ^A n 
•■lea ed onic t V ith lill^ient en "^i oi<. VvesteiT r -^tsof 

control, und-eated C99-GFP expre.sstng HeU celi.s show difierent bands 
{m. 2.A, lane NT. anti-GFP antibodyj. By conipanng this pattern with 





1 iw 



jniubitor. strongly reaiiced ir. f nis is m ajrreeinenr v 
I isfjti iv >> neat t <■ nuT ! 1 
Lf It) len h! dug tiv ^Uvl oU 9 U F"' s 
ie3\ sgeoiC^*) Ch~'b^ / se i':'!? sdfo 3b/ 
^K D GFP be Id Fill iiiy ! i the I d i < oS- - 
Dand corresponding to C83-Gi-P was observed i m \a, 
of a-secretase activitv on cgS-G^P. as prevtousiy si 
i-is. .iB snows siiTiiiar resuirs for SH -svSy ceils c 



H C9<" <. FP HI CfUuUr rompaitr iPiits iif 
( d Mth nCe-J CFP trtitpd veii i 
i 0 d rtcn pemieabi!i7ed v i h d ir i 

oi oreir. ri acnons were analyzed by means of Western 
. Nore that cei! treatment with DAFF aiid L-fi8S.458 
of tne yrolit'. iiidifannK that our orobe works properly 



doitn 



inc 



smaliest one was equahy preseni m all the lanes and conesponded to 
free GFP (MW: 27 kDa). probably deriving from the cataboUsm ot C99- 
i^hP. The remaining band cofiesponded to acaspase cleavage product of 
C99-GhP (MW: 32 kDa), since treatment with z-VAD, a pan-casfrase 



I band \ 



NTI. 



sent and the 
"v'-secretase 
SCI ieductjon 



I! ois hnesl>fT>idl tS-i4'iS)!ndii e 1 
li) A1C.0-(;FP aiid the appeal ance of C83 GFP basid. 

10 get nd of the caspase cleavage SitE tnat interferes with oui' assay, 
we substituted the asparnc acid of the VtVD tsiotif ol C.99-GFP with an 
alanine 'VEV/* see M^teuah aid m»thodi1 ^ o\ s tl ^ a mi 
blot or HeUcpfh expressing muta ec < >f i. i ii 
lewi p pioduct bis disappeaied i d ir i f t i f i i o] 
ml / \hX) H ied f lis is )b erve m i 1 1 1 r 1 i ? ) 
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fdug 



ufi-fe 



th 
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GFP 



rr 



1 ihibi 



vanishea. respectivelv. upon cell D 
tors: lanes DAPF and L-{)85,458): m addition, the caspa.se cleavage 
product (missing in z-VAD treated cells; lane z-VAD) and tree GFP are 
observed. With this construct, no C99-GFP band is obsemd. which 
may .suggest a preferential cleavage of .APP-GFP by a-secrerase. This 
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Fig. 4. Confocal images ot Mela celti c; 
roHowed up to 2 !i. Fluorescence imai 
I. lo'.olic *'^.Ole^cen^.e I'-dicjtir*; \K 
tf aiisfertion and pemieabilized bv aig 
After few miiuites al; me cytosonc nu( 
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n the nrst image, on the too-iett ot t.iie panei. to the iast 
fnO" ( fPsrjbv e\pu <: glKM eil t ta^c on t < 
ifter Bxinsfection and followed up to i h. Fluofesceace in 
la an mcreasinsc cvtosoiic fluorescence durmg hroe is disclosed. B 



re;:is!t is iioi surprising and a very low ievel of [.^ -secret^ise cipaved Ai'P 
fC.99). cofnpiiieii £0 !:he high iev,?! of (je-secreta.sc: cie.Wi?f1 APP (CS3), 

was previousiy reported 

3.2. intracelluiar dismlnaion of CH' probes upon y-ietTi-fase acnvity 

We next analyzed the subcellular distribution (soluble/cytosoiic 
versus membrane-bound) of the difJerent C99-CFP jjroducts. inC99- 
CFP tran.sfected HeU ceils were treated or nui w'-tb '.h:- -^--r-, 
secretase inhibitors (DAFT and 1-685,4.^3) ,r.u] j. >ivi^ .-i 
With digitonin. The two resulting {iroieu! f:aino>: .■■r\Wu: .-.r-j: 
membrane-bound) were coilecced separately and aoaly^ed by iTie^ns 
of Western blotting, using an anti-GFP antibody (see Materials and 
methods and .>-ig. i). The three main band.s. i:.e. C99-GFP, AlCD-GFP and 
free GFP, observed in non permeabilized control cells (lane Tot), appear 
conectiy srsrted between soiuble and membrane- bound fractioas, 
vvith the C99 -GFP found only in the membrane fraction (lane M) and 
the otl^er two only in t!ie s(iiui)le fraction (lane S) A.'; ex[)ected, upon 
DAPI" or L-6S.5,45S t.reatment, while AlCD- GF? fjroduciion was greatly 
reduced, C83-GFP also appeared ( lane Tor). This latter was sorted iii tlte 
membrane-bound protem fraction (lane M) togettter vvith C99-CFP, 
indicating that our positional probe foi- 7-secietase activity worked 
properly. Similar results were obtained with HeLa cells expressing 
APP-GFP: all tiie membrane-bound APP-CFP products (i.e. APP-GFP 
itself and C8.3-GFP) wei'e con'ectly distributed in the membrane 
fractions wiiereas the expected soiubie forms (AlCD-GFP, the <-,)S]>ase 
product and free GFP) were present in the supernatants collec ted ah;er 
cell permeabilization (data nor shown). 

We then rested our probes in living cells, analyzing the kinetics of 
their distribution in control conditions and following DAPT treatiment. 



.j';;-, shows confocal iftiages of .HeLj cells tiansiently expies.sing 
mC99-CFP. analyzed 4 h after rransfection and foiiowed at the micro- 
cleavage of mC99-GFF; due to AlCD-CFP release in the cytosoL When 
ixanstected cells weie permeabilized by digitonin treatment (Fig. -s-B). 
washout of the .soluble GFP fraction revealed an underlying pattern 
cori^sponding to the Golgi apparatus and othei- cellular rrie)T!i>ranes. A 
similar membrane-bound fluorescence pattern v»as obtained in mC99- 
GFP stabiy-expressing Hela ceils treated with DAl-l: tiie c^'tosoiic sigiial 
detected in untreated cells (Fic 4C. left paneH was strongly reduced by 
DAPT and a fuenibrane GFT' pattein was revealed ( Fs?:. 4C, rigiit: paiie!). 
suggesting that, when 7-seei-et3.se cannot function, C99-GFP remains 
rnenibrane bound and its fluoiTe.scence marks the endoceliuiar mem- 
branes where ii reside.s. These data also sugge.st that in mC9S-GFP 
stably-expressing HeLa ceils the ">'-secietase activil?/ is high since the 
majority of GFP fluorescence was cytosolic under s-esting condition.?. 

The intracellular processing of APP-GFP in HeLa cells is sfiown in 
fig. also in this case, the cytosolic fluorescence increases with tirne, 
suggesting an efficient basal cleavage of the probe by eiidogenous 



sJ. !}Krcct.m}> y-secretase activity by flow cytcmerfy 

Once deiiionstrated tlie con.-ect behavioui' of our positional probes, 
we quantified, by fluorescence cytometry', their nreiribrane retentioti 
ratio. Thi.s value is the ratio ben,veen the fraction of cells exhibiting 

the iraciion of fluotesceni ceils, before digitonin treatment and re- 
presents an inverse index of 7-secreta.se activity. i"-ig. 'S shows this 




B HeLa clone, mC99-GFP 



C 



HeLa, APF-^-Gf-P 



ii Lb . 



Heta, C99-GFP 



4 «■»-] 



I, ttti -I 



inhibitor conoentnition {aU.) 



Vig. 6. Etfecf ot 7-seci elvise and caspase inhibitors on tfl' letentioii ratio and apoptosis. (A) HeU celts twnsfected witli GIP were treated overnight, or not, with DAPT ( T fiM). L-6S5,458 
1 1 j.m and ?.-VAD (50 jjM) and tested for membrane fluoresc(;nce retention. n>6, fBl l-lela cells traiisfected with mC99-CFP were treated overnight with the indicated -y-secrctase 
mhihitor concentrations. Awjptofie cells were counted a.': tnc miiiiber of cells lacking TMRM floorescence over total cells in the fl3 channel (530 nm). ii ---3. 



parameter detected m Hel.a celh expre.ssmg our j)os«)Oi)a! p!ol)e.s 
upon difterent treatments and .';u!>seqi!em cei! permeabihzation. 
Panel A liiustrates the results obtained m transiently transfected 
HeLa ceils with either C99-GrP (on the kit) or ntC99-GH' fori the 
I H i \i 1th I i ! ^ ^ / a combination of 



the 



'ith i 



th pu 



rnilar 



hen -V secset^ise is inhibited by 
DAPT .1 1 o<?5 4 j3 h> ini ibi lui ok isp , U \ / 0 \ , '.icfiec iS - 
on mC99-CFP retention, as expected, but able to weaidy decrease 
membrane retentioii ot C.M-CFP. probably by favoring Hie alternative 
much faster 7-seaetase turnover of the protein and thus ri-sing AlCD- 
GFP production. An unsoecific effect of z-VAD. such as a variation m 
C99-GFP expression level or cell viability, that could explain this latter 
dpc.e4,( 1 1 tnt i (iiKii i!i(>! uniiktii in^t, u ,houl 1 ifoundaho 
)nmC9CMUi ;nsii i.did!>!hii msl.ddrio not iiov i y dnfcienre 
in I'etention ratio upon this treatment (ngnt panel of •-'sA!. 

Wnen tne cells were transiently transfecrjed with the probes the 
basai fluorescence retention was estimated between 30-45% 
V A) svggestng a vanabihty m '\ secietase attivitv between 
single ceils within the pooulanon: indeed, when HeLa cells stabiy- 



ed f< 



ti 



complete mLH9-Gi'i-' retention witmn cellular 
achieved by inhibiting 7-secretase. This result is m agreement with 
the confocal images (i-i«. 4C) where, in untreated cells, ail the 
GFP fao'e^cence wd<- cytosoiit le ail -he mC99 GFP was rut but 
ipo-i -/ se' e o-L 1 hihk or the \vhoi'^ piobc was found t( be 
lun reb i C -v' th. h^'uivioi 1 ;1 A P CI P( yprcs^ d 

in ."-ieLa ceils: a!,so in this case, tne rnembrane-bound h-action. 
-neasiired jpon =e( etase maaivation was maiiced.y mcieascd 
and no eifect was observed upon z-VAD treatment Similar results 
were obtained when the iwo fluorescent proteins were expressed in 
SH-SY.5Y cell.'; (data not shown). 

Irth- . eve imePls ih^i^lention ntio JxCfrjine expressed m 
bothccli'-.oc-^va tai niasd.ontru! Nou'e.-<o!> it a bunaJtett^ubv 
theso treatn^tnti ^ \) Mgg st-f.g th it tht littc Riit dsug v e.p not 
ficallv change the GFP fluorescence distribution within 



thece 



i> Pi " 



iCd tc^ 



)uld have affected the readout i i-is. m. 
Using ini.s niethodoiogi'. we estiinared m live ceiis Ehc: half nvixi- 
iTial ml ibitory i oncentiatior <■ (ICq) of DAPT and L GS-'i 458 ^ ' 
both -y-secretase inhibitors reached .50% of niaximai fluorescence 
membrane retention at conceniTation below 0.1 iiM (66 and 57 nM iot 
DAFl and L-685,458, resiiectively). values veiy similar 10 these pre 
\ lously detemn led by difietcnt -netliodoio^^.c', n <tvcia ulltypes 



!> CFP probes, £0 analyze FAD-iinked PSs effect c 



To fuirfci vilidaie ou. <.>sa\ we tested mC99-GFP metabolism in 
1 loi'se enbryonc hb'obh'^is i,MrFs) either wild type ( wi:) or knock-out: 
for both PS1 and Ps2 (MF.Fs KOI. the key componedts of the 7-secretase 
compiex (t~->;, ). In rhe ko ceil iine no endogenous 7 secfe!:ase activity 
has been reported unless rescuing of the phenotype by tell expression of 
e\(.spnou:s f s- ! " in Mt'-s the retention ratio mC99-GFP was 
similar to that .seen in HeU cells (compare Figs. asii? \>A) whereas in 
MEPs KO It was already high without ariy treatment and 7-secretase 
inhibitors were unable to affect the membrane-bound fluorescence 
i i s?:. i:;A). i he lack of a compiete basal retention ratio for C99-GFPin MF.F 
KO is due to the tact tn=!i: aii endogenous catabolism of the expres.sed 
pro!:ein. vanaoie in ennlv noi n cell to ceil and leadingto the fonmation of 
tieeGF? i,ai-A,avspu' er' Th.s vva 5 checked by Western blotting in MEF 
KO cells transiently transfectJed with mC99-GFP and analyzed with an 
anti-<^FP anabody: on the top of C99-GFP. no other cleavage product, but 
free GFP. was found fdata not shown), supporting the fact that in these 
teil- wiiete iv ^ s'^^Mase activity is expected, no other enzyme is 
actively involved in probe cleavage. 

When dilreient P>>s were transiently expressed in these cells, we 
could partially rescue the enzymatic activity (Fig, 8B). In particular, 
both wt forms of PSs { PS1 or PS2) were able to decrease the membrane- 
bound fluorescence (i.e. to release soluble mCS9-GFP forms), while the 



It of DAPT and L-685,458 half maxima! inhibitory 
ase activity in stable expressing mC39-G!-P Hel,a ceils. 
It Witt! tiw indicated drug concentration and analyzed 
c' I 3S- 458 .in ICso of 66 rM and 57 uM. respectively. 
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Fig. 8. Effect of specific inhibitors and FAD-linked PSs expression on ■v-secretase activity in MEF cdls. (A) MEFs wt or kTsocked-out for PSl and PS2 (MEF KO) were transiently 
tiansfedred with mC"99-CFP, treated overaight with EAPT (1 jiM) or L-6S5,45S { 1 fiM) and tested for fluorescence retention. Note tijat in MEFs KD there is no effect of ^-sccretase 
inhibitors on probe retention ratio, which is already very high in tiie cDntro! condition, (g) Modulation of 7-^secret3Sc activity by RSs expression MEFs wt or KO vyere transiently 
transfected with mCSS-GFP and the indicated PS and analyzed after 24 h. Note that in tASf KO FAD-PS mutations failed to recover -v-secretase activity, acting as loss o( ftmction 
' " ) MEF KO cells were transiently transfected Mfith mC99-GfP together with one of the above reported PS forncE and tiie cytometiic assay was canied out after 24 h. 
5<;0.05; **;j<0.001. 



two FAD-linked PS mutations here analyzed (PS1-A246E and PS2- 
T122R) behaved as lo.ss of function mutations. The ieve! of expression, 

as well as of endopcoteolysis, of i:he different PSs was checked by 
Western blotting and no difference was revealed in these !;vvo 
parameters that could justify tire lacit of effect or 7 -secreta:ie activity 
of the mutated forms (data cot shown). Moreover, wiren FAD PSs 
were co-expressed with their wt counterparts at Irl ratio in MEFs KO 
(i.e. to mimic the pathologicaJ heterozygosis), the PS1-A246E 
mut.^nt stil! exhibited the characteristic of a !o.ss of function mutation, 
with an effect similar to that observed when expressed alone (i-ig. SB), 
llius PS1-A246E exhibits a "doininant-negative" effect, in cotilx.^st, 
PS2-n22r{. when co-expres;;ed with PS2 wt, did not modiiy tfie re- 
tention ratio, suggesting its recessrviiy with respect to wt PS2. in wt 
MEF cells, the expression of either wt or FAD-PSs had no effect on 
mC99-GFP retention ratio (Fig, 8B), indicating that the presence of 
endogenous 7-secretase activify may likely obscure the specific effect 
of exogenous PSs. 

To denionstrate that the difference betiveen PS'!-A246E and PS2- 
T122R FAD nrtitants in modulating the 7-secretase activity, when co- 
expre.s.scd wrtii PS wt forms, is not ietateci to the .specific muiations 
bur couid be likely due to a general teatute, ottier PS i- and PS2 FAD 
mutations were screened: PSf -H1631i PS1-L286V, PSi- PH'/L and 



PS2-M239J, PS2-N141}. Strildngiy. all the PS2 proteins behaved as loss 
of function mutants only when expiessed alone; in iact co expression 
of PS2 wt rescued the 7-secretase activity (Fig $D). In contrast, PSl- 
FAD forms maintained their laci< of enzymatic activity even in the 
[)re;;ence of PSl wt, indicating their "dominance" with respect io the 
wt protein fursciicinalily (Vif:. hC). Thus, in heterozygosi;;, only PSl - but 
not PS2 F/\D nidations Wi;re able !:o iiegatively affw.i 7 secret.rsf! 
activity. 

Altogether the data here reported indicate these retention probes, 
used m combination vv'irh flow cytometry, as a useful and sin-iple test 
for assaying 7-secretase activity in living ceils. Modulation of the 
enz\.'matic activiiy by different compounds can be easily monitored 
and quaniilied l)y these probe.s. .suggesting the feasibility? of their use 
in a high-throughput scieening approach aimed at defining new 
molecules as potential drugs for AD treatment. With thi.s perspective, 
it !S mandator^' to develop a parallel assay where Notch, tlie other 
principal substrate for v-secretase activity, is also monitored. Pur- 
pos(?!y, flow cytoniri ric assay was carried out wit h He!.:i, S; ! -SY5 Y and 
MEF KO cells transiently transfected with the cDNA coding for the 
truncated form of Notch, tacking the ectodomain and fused to GFP 
lNotchA[v(iFP; see Materials and metliods and (!~;g. ^5). !t can be 
noticed ttiat in cefi.s Vvith endogenoiss 7-secretase activity, i.e. Hela 
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*p<0.05; **p--:0,001. 



and SH-SY5Y, NotchAti-GFP was almost complerely cleaved and 
inhibition of the enzyrnatic activity by DAPF or L-685,458 led to a 
retention ratio of only 45% on average, suggesting possible alternative 
mechanisms for Notcii processing, Indeed, a PS- independent Notch 
signaling previously reported iii PSi/2 double tmW cells has been 
here confirmed in iVlEF KO, In ihis cell ty^.e. iackiiig 7-:.:ecrer3se 
activity', the basal retemion ratio w,)s .ibout 503'>, indicatiiig that half of 
NotchAE-GFP was released iioni eel! niembraiies by a different, PS- 

c^se of Notch probe, the expression of the FAD-linked PS1-A246E form 
detes niined a loss oi' enzymatic activity. As far as PS2 protein is 
concerned, two main results can be underiined. First, at variance with 
wt PS 1 that, once expressed in MEF KO cells, recovered the y-secretase 
activity by the same exteii!: (-35%;) on both mC99-CFP and NotchAE- 
GFP (compare S-sgs, 8B unci 9). wt PS?., ujjon cxpre.ssloi!, vv.is !es;; 
effective on NotchAE-GFP with respect to (nC99-Gl-P substrate (20 and 
50% recovery of enzymatic acrivit>' compated to controi, respectively; 
compare SB and S). Secondly, PS2-T122R did not behave as a loss 
of function mutation, since it acts as the wt protein when incorporated 
in the 7 -secretase complex (Fig. ft)- Thus, -/-secretase activity seems to 
depend on the specific molecular arrangement of the complex and 
shows a substrate-dependent specificity. 

4. Discussion 

In this study, we conscrurted genetically encoded GFP-based 
sen.sors that were successfully used to monitor -y-secretase activity 
in living ceils. Our strategy consisted in the generation of reteiition 
probes capable to convett positional signals into inti?nsity ii?spoiisi?s. 
The method is based on the difierential retention of iluorescent 
recombinant proteins following plasma (netnbiarie peniieaisiljzation 
and is suitable for detecting a variety of moieciiiar event;;, such a;, 
proteolytic activities and changes in inrracelluiar cocipai tmcntaliza 
tion L'.VS ]. We presented here specific retention probes targeting key 
molecular steps in a celiiUar pathway relevant to drug development: 
l:he -Y-secretase activity. 

The three membrane -bound probes used in t:his study (APP-GFP, 
C99 -GFP and K'otchAE-GFP) behaved as predicted when expre.ssed in 
living cells: upon ^-secretase activity tliey a!! release the sohible GFP- 
linked product I'AICD- and NICD-GFP, respectively) m the cytoplasm 
allowing, upon eel! permeabilization. the quantification of the 
residual membrane fluorescence retention that is an inverse index 
of 7-secretase activity. Noteworthy quantification of A!CD, as a value 
cif A|.\ production by 7-secretase activity, is correct since the for- 
mation oi eciuimoiar amounts ol AlCD and Aj.^^ IVom the cleavage of 
APP carboxyl- terminal fragment |C99) by 7-secretase has been 
clearly established i i?.':. 



The use of this assay to measure cellular 7-secretase activity has 

surement of a stable 7-secret3se product, contsrary to the A|.V-aiitibody 
assay that can be affected by factors tr.odulafing Aih tufiiover and 
clearance, AlCD-GFP is, in fact, very stable atid easily detectable by 
Western blot analysis, suggesting that its catabolism by IDE i 52 i atid/or 
other protea.ses is greatly reduced compared to unmodified AlCD, as 
demonstrated also for other AlCD-iiised jsroteiiis <!, Secondly, the 
genetically encoded probes are more easily obtained and cheaper than 
the comtnetcia! i<its available for quantifying .Afi Thirdly, the assay is 
partic:ii!ai'iy suited for screenijig oi' iiovei 7--secreta.se modulating 
drugs. The assay can be performed in a convenient 96-weil microplare 
foi runt usisig stable probe-expressing ceils and can be developed for 
iiigi) rhroiigl'put .syswms. In addition, this approach allovw a detailed 
function.?! characterization of drug activity/ directly m cells, bypassing 
the need for image acquisition and analysis. Thus, our retention probes 

tion and drug discoveiy that could also be applied to the study of other 
membrane protein sitbstrates for diverse celiulai- pi eoiytic activities 

Similar 7-secrel-3se assays, altertiative 1:0 the niost used Ap- 
sntibody assays, have been previously described; ail of tiiem, liowevet; 
are cell-based reporter gene assays where the 7-3ec!-et3se product 
AlCD, C-terminally tagged with Ga!4/VP16, allows a Ga!4-regutated 
reporter gene (!ucifera:;e or GFP) expi'ession !?..^,33-.'.V:>j. Their func- 
tiofi dejx-nds on the tesponsiveoes:; ot' ilie reporter gene and shoM^s 
some disadvantages. slicI) background expression of the reporter 
gene independent of 7- secrerase activity and possible interference, by 
different ti-eatments, with the gene expression machinery as well as 
with the reporter gene product itself, as in the ease of luciferase 

Our results .show that the two recombinant probes for 7-secretase 
isctivitj'-, inC99-GFP and ,*,PP-GFP. behave correctly when expressed in 
different ceil types having or not endogenous 7-secretase activity 
(Fig;--. >. i. '":)An =sd{i)i;ii)u, t!ie cytoriievi ic ass,jy cleaiiy measures a dose- 
dependent decrease it) 7- sec:riitase cleavage upon cell ti-eatment with 
specific enzyme inhibitors, such as DAPTand L -685,458 (fig;;. ?, 8), 
allowing an ICso determination for both inhibitors consistent with 
those obtained in previous reports |2-;i -^.CS). Altogether the.se data 
demoiisl:f ate the specific, quantit^itive -md sensitive functioning of our 
new assay tor cellular 7-secretase activiti? readout. 

To test whether the a;;say couid identify differences in 7-secretase 
activity diie to changes in component;; of the 7-secret3se complex, 
we over-expressed wt and FAD-Jinked P5 forms in MEF cells (figs. 8.. 
9). In IvlEF wt ceils we did not acineve any modulatioii of 7-secretase 
activity by this tool, probably due to the ptesetice of l:he endogenous 
Pi-oteins that masks the effect of i;tie exogenous PS forms. However, in 
MEF KO cells, lacking both PSi and PS2 anci thus cicvoid of !:beif ovv^n 
7-secretase, exogenous expression of wt PSs recovers the enzymatic 
luiiction. Moreover, comparing the results from tiie cytometiic assay 
orried out on both mC99--GFP and NotchAE-GFP expressing MEF 
i<() cells, a certain preference of PSS-containing 7-se(:i-etase com - 
plex for C99- CIFP SL!bstra!:e was evident. Thus, it seesns that, while the 
7-secretas(? cotnjilex htiving P.S1, a;; the cat.aSvric: core, cuts equally 
well NotchAE-GFP and C99-GFP, PS2 expressiot! drives a more 
extensive recovery of the enzyiTiatic artivity on C99-G!T compai'ed 
to NotchAE-GFP, suggestiiig that the PS2-contain)ng 7-secrei;ase 
comp'lex cuts preieri;ntiaHy, or to a greater extent, the amyloldogenic 
.substrate. Previous studies show that both PS! and PS2. when 
expressed separately, ca.n mediate the 7-secretase production of both 
AlCD- and NICD-flag i.H7i: the relative Ciuantiiication of the two 
cleavages was however difficult because two different antibodies 
were used for the detection of the specific products. Furthermore, 
using both an "in vitro" and a cellular assay on the C99 substrate, a 
different behaviour of PSl -containing 7-secretase complexes, com- 
pared to PS2 containing ones, in term of substrate specificity and 
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aevermjnants between f-'SI and Pb2 sequences wete iejjorted i-^ii. 
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